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RADIATION GROWTH IN A MILLIMETER-WAVE FREE-ELECTRON LASER
OPERATING IN THE COLLECTIVE REGIME

I. INTRODUCTION

The free-electron laser (FEL), using an intense relativistic electron

beam of moderate voltage (1-2 MeV) and low velocity spread

(as 1/a:1 < 0.1% ) has demonstrated its potential as an extremely high

power, moderate efficiency source of continuously tunable radiation in the

millimeter-wave range of frequencies. An earlier publication reported a

peak power of 50 MW at 75 GHz, corresponding to an efficiency of

approximately 5%, from a superradiant free-electron laser operating in the

collective regime with a I kA, 1.25 MeV electron beam.1  It also reported

the measurement of emission spectra that agreed well with theoretical

predictions as well as the tuning of the emission frequency over the range

from 60 to 95 GHz. Additionally, a preliminary nonoptimized single-

frequency growth rate measurement was performed.

Previous measurements have concentrated primarily on the final output

radiation from the FEL, and its scaling (power, frequency, etc.) as a

function of experimental parameters. Such a high-power superradiant FEL

device has an output power that is many tens of dB larger than the
I,.,..

spontaneous emission that initiates the process of radiation growth. Such

measurements therefore inevitably contain aspects of starting conditions

(spontaneous emission), linear growth, and nonlinear growth/saturation

effects that determine the final output power. In this paper, we study in

detail the growth of electromagnetic radiation in the superradiant FEL

Manuscript approved January 26, 1984.
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experiment. This is done by varying the effective length of the

interaction region of the FEL, and observing the effect of this variation

on the FEL output radiation. By so doing, one can observe the frequency-

resolved growth rate, the spectral shape of the emission as a function of

interaction length, and spectral narrowing and saturation effects.

An additional subject of this paper is the study of the effect of

placing a taper in the magnitude of the axial magnetic field near the end

of the uniform wiggler interaction region. Such an axial field taper

results from the method used to vary the effective length of the

interaction region of the FEL. Under certain conditions, it is found to

strongly affect the emission spectrum, resulting both in an enhancement of

the lower frequencies of the FEL emission and in a large overall

efficiency enhancement.

II. EXPERIMENTAL APPARATUS

The experimental configuration is shown in Fig. 1. A 1.25 MeV

(Y = 3.4), 1 kA, 6-mm-diameter solid electron beam interacts with a

transverse wiggler or pump magnetic field while passing through a 10.8 mm

i.d. stainless steel drift tube. The electron beam is produced using a

pulseline accelerator with 50 nsec pulse duration. A special apertured

diode 2 is used to produce an electron beam of very low axial velocity

spread (,&/a < 0.1% ). An axial magnetic field, variable up to 20 kG,

is used both to form and confine the electron beam and to provide

gyroresonant enhancement of the effects of the wiggler magnetic field.

The wiggler magnet provides a transverse magnetic field of period xw=3 cm,

which is variable up to 3 kG over a uniform interaction region of 63 cm,

2



LPV,

and contains adiabatic transition regions of 21 cm and 15 cm at its input

and output ends. Greater exoerimental detail has been provided

elsewhere.
2

Spontaneous emission at the injection end of the interaction region

is highly amplified by the FEL interaction. Following the interaction,

the electrons are sent into the drift tube wall and the amplified

radiation is transmitted to a large microwave horn from which it is

radiated into an anechoic chamber. Small fractions of the emitted

radiation are sampled by a pyroelectric detector equipped with a 60 GHz

high-pass filter, to monitor total power in the band of interest, and by a

millimeter-wave grating spectrometer3 , in order to perform spectrally-

resolved measurement. The spectrometer is equipped with three parallel

detection channels, each consisting of a W-band horn, a variable waveguide

attenuator, and a crystal detector. The frequency settings and insertion

losses of the spectrometer were completely calibrated over the range of 60

to 100 GHz using V-band and W-band sweepers. The resolution of the

spectrometer is approximately 1 GHz. Each variable attenuator was

calibrated as a function of setting and frequency against a precision

broadband calibrated attenuator, and each crystal detector was absolutely

calibrated over the complete range of frequencies and incident power

levels at which it was used during the experiment. In addition, in order

to extend the dynamic range of the measurements, a removable calibrated

attenuator pad of approximately 20 dB was placed before the

spectrometer. The fraction of radiation sampled by the spectrometer was

chosen to provide an appropriate signal level from the detector at the

highest experimental power levels when the attenuator pad was in place and

10 to 20 dB of attenuation was set on each channels' variable

'4 3
.4 .* .

I, ... , , , ; -- ., ' ,,., '.' -' ,.. .' - ,. 'q ', . .4. -. .'. " . ". • • -. "-. '. " . . *". • , ." . 4



attenuator. This made possible accurate relative power readings, by

changing only the amount of calibrated attenuation in front of eacn

detector, at approximately constant detector signal levels, as the

experimental power was reduced over a range exceeding 30 dB in order to

measure radiation growth rates.

The effective length of the interaction region is varied by changing

the length of the magnet which supplies the axial magnetic field. As will

be discussed later, the decreasing axial field near the end region of this

-. solenoidal magnet rapidly sends the electron beam into the drift tube

wall, effectively ending the FEL interaction. Thus, by observing the

evolution of the emission spectrum as incremental changes are made in the

length of the solenoidal magnet, one can determine the frequency-resolved

radiation growth rate as a function of interaction length. However,

varying the effective system length in this way has the additional

complicating effect of introducing into the interaction a region of

progressively decreasing axial field at the end of the region of uniform

axial field. The consequences of this will be discussed in Sec. V.

III. THEORY

The theory for a free-electron laser operating in the collective

regime, with an axial magnetic field larger than the gyroresonant value

(Group II orbits) has been presented in detail elsewhere. 1 ,4 6  For the

purpose of comparison with the radiation growth rate measurements

Spresented later in this paper, we note that the linear growth rate is

given by the solution of the dispersion equation
5
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)/2 -kv c)/B,

where a /v, v E"V /(Q0-kwV ) is the axial electron
. wher wV/l w '1wV w 11 ' v1

velocity, k (=2.-/Xw, where X is the wiggler period) is the wiggler,, w
wavenumber, I w-IeB /ymc B and 3r denote the amplitudes of the

axial and wiggler fields, y-(1-v2/c2) - !/2 is the relativistic

factor, (,,k) represents the frequency and wavevector of the radiation,

and

K - 2 bO(w/yC (2)/' 11
2v1  ( ) 0 K2+2(b0/yc2) ( 1/i)] I 2

In addition, ,b=(4le2nb/m)1/2 is the beam plasma frequency, nb is the beam

electron density, AK-[2O-W(1- )3/v, /c,

".=-V2/c2)-/2 and

I € -32- 42 l[(j+62),ro- kwl v (3)

The solutions to Eq. (1) have been discussed in detail in Freund, et al. 5

and will not be reproduced here.

We observe that (vv ) cannot be chosen arbitrarily. The energy

conservation requirement implies that v2-v2=(-y-2 )c2, which yields two

distinct classes of solutions (see Fig. 2) corresponding to 1 0<kp. -.. wV;

(Group I) and 1 0>kw v (Group II). 7  Since the parameters relevant to the

observations described in this paper correspond to the Group II case, it

is important to describe the characteristics of the interaction in this

regime. In particular, we are concerned with the regime where

..,:
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-I-y2v , C2) <k ,  (4)

for which t<O. The dispersion equation (1) describes the coupling

between the radiation and space-charge modes. In the absence of an axial

*magnetic field, o=1 and the interaction proceeds via the coupling of a

negative-energy space-charge wave and a positive-energy electromagnetic

wave. However, in the regime described by Eq. (4), the space-charge waves

have the dispersion relation w=kv 11_ij<jv I, and are intrinsically unstable

* for all wavevectors. A physical interpretation for this instability is

given by Freund and Sprangle. 8 As a consequence, it might be expected

that the wiggler-induced coupling between the electromagnetic and unstable

electrostatic waves would result in an enhanced growth rate and

interaction efficiency, since there is a uniform source of energy transfer

from the beam to the space-charge modes. This expectation is indeed

supported by experiments in which peak powers and efficiencies have been

observed in this regime.
2 ,9

Another consequence of this regime (4) relates to the phase

$relationship between the beam electrons and the ponderomotive wave.

Although the experiment operates in the collective regime, I it is

difficult to reduce Eq. (1) to a closed form expression for the gain

when t<O (i.e., the regime of experimental interest in this paper), and we

are forced to resort to numerical solutions of Eq. (1) in order to make

detailed comparisons between theory and experiment. Therefore, we choose

to illustrate the phase relationship by the expression for the small-
. 4

%. signal, single particle (i.e., strong pump) gair

1 w2S2(,c21k2)( k  L)3 d,!L sin x d 1  (5)
GL 21;i w w dax, x - ' (
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where GL defines the amplification relative to the initial signal

amplitude over a system of length L, and x--(,Ivl- k-kw )L/2 . It is

clear that extrema occur for x = ±1.3 and when <2>0 peak amplification

occurs for x -1.3. Thus, the phase velocity of the ponderomotive wave

is vphw/(k+kw )<v,, and as the electrons lose energy to the wave they

are decelerated. However, when <2<0 peak amplification occurs

dVA1 for x . 1.3 which means that v >V ; hence, the electrons undergo anph II'

"anomalous" increase in the axial velocity as they lose energy. In order

to make this understandable, we observe that one consequence of the energy

conservation relation is

_ dv Vit C2

dy -yy~v 1

which shows that when t<O [see Eq. (4)], a decrease in energy results in

an increase in axial velocity that is accompanied by a correspondingly

4. greater decrease in the transverse velocity than occurs when A>0 . The

results of a particle simulation code1 0 have also shown the axial electron

velocity to increase as kinetic energy is lost.

Finally, it should be remarked that the theoretical work described
here is based on a zero-temperature one-dimensional, ideal wiggler model

in free space (i.e., waveguide geometry is not incluaed). As a

consequence, while the dispersion equation (1) can be expected to yield

approximate values for the peak growth rate and bandwidth as long as the

resonant frequency is far removed from any waveguide cutoffs, detailed

" spectra are not obtainable by this means. Fully self-consistent three-

dimensional descriptions of millimeter-wave free-electron lasers including

.A finite waveguide geometry have recently appeared in the literature'', 1 ;

7
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however, because these theories are oased upon thin annular beam models of
S.

tne radial electron profile, they are not applicable to the present

experiment.

- IV. MEASUREMENTS OF RADIATION GROWTH

. In order to perform measurements of radiation growth in a

super-adiant geometry, the length of the FEL interaction region is

progressively increased during a sequence of experimental disclarges by

lengthening the solenoidal magnet that provides the axial magnetic field,

while holding constant the amplitude of the axiai field at the inPut to

the wiggler magnet. Due to the large bore of the solenoiaal magnet,

proceeding in this fashion has the consequence that the axial magnetic

field will fall off gradually towards the end of the interaction region,

* until the electrons are lost to the drift tube wall. This axial field end

taper has consequences that will be considered in the next section. Note
.-

that the shape of the axial field end taper is nearly invariant with

respect to the length of the solenoidal magnet, while the length of

"uniform" interaction region prior to the end taper scales directly with

magnet length. We therefore assume that so long as the electrons striKe

the wall still within the uniform section of the wiggler magnet, the

effect of the end taper is approximately unchanged, and interpret the

variation of the emission as the axial magnet is progressively lengthened

as being primarily due to the increase in length of the uniform

interaction region. [This interpretation is clearly somewhat suspect Nhen

nonlinear effects begin to become important.] This permits us to estimate

the gain of the interaction in the uniform field region.

8'""" " .-"" - . '" ' '='-'', .-;/' ",-', > ,-' '*'. ? /,'',;""-" '; "" "'? ;,,",,' .o. .'.' ....1 .".'.'.I.. '111 " .-.' ,- .,,.'','" '-,'.,-',,'



We have chosen to investigate the radiation growth for the

experimental parameters that have produced the largest experimentally

measured peak powers, that is y =3.4, Bz=16 kG, Br=l. 4 kG. These

conditions have produced a peak power that has been determined by direct

calorimetric measurements to be > 75 MW at 6% experimental efficiency in a

15 nsec output pulse. A typical output radiation pulse is shown in

Fig. 3, along with the voltage waveform of the electron beam diode. This

peak power corresponds to the spectrum labeled "90 cm" in Fig. 4. The

label "L" will be used to denote the axial position of the physical end of

'the solenoidal magnet, which is also the half-field point of the axial

magnetic field, compared to the start of the wiggler entrance taper.

Thus, L=90 cm corresponds to the case in which the axial field decreases

to half of its uniform field value at a position 6 cm into the wiggler

. output taper. As will be discussed later, the electrons are actually lost

in this case before reaching the wiggler output taper.

Figure 4 presents the FEL emission data at six frequencies in the

range of 66 Ghz to 90 GHz as the length of the axial field magnet is

progressively increased over a range of 36 cm, beginning at L=54 cm. (For

still shorter magnet lengths, the radiation level could not be measured

with the present experimental sensitivity). Each point corresponds to the

peak emission during the 30 nsec flat portion of the accelerator voltage

pulse, and is the average of data from at least three experimental

discharges. The spectrum for L=54 cm is almost flat from 66 GHz to

80 GHz, but then drops by an order of magnitude at 85 GHz and 90 GHz. As

the axial field magnet is lengthened by 6 cm and 12 cm 'L=6l cm and 96 cm

lines), the entire spectrum increases rapidly, while its shape refrains

approximately unchanged. The emission continues to grow as the axial

9
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magnet is further lengthened (L=72 cm, 78 cm, and 90 cm), but the spectrium

becomes strongly peaked near 75 GHz. Apparent evidence of the approach of

saturation of the radiation growth process is appearing by L=90 cm. 3ased

on the intersection of the uncoupled dispersion equations for the FEL

interaction between the pump-shifted beam line and the electromagnetic

waveguide modes, the interaction should couple to the TMoI mode of the

drift tube at approximately 73 GHz for the parameters in the uniform

portion of the interaction region.1

In order to better understand the process of radiation growth, as

well as to facilitate comparisons with theoretical calculations, it is

useful to reexamine tne iiformation implicit in Fig. 4 in several other

formats. Figures 5 and 6 present the microwave radiation growth rate

relative to the radiation level produced for L=54 cm. In Fig. 5, the

radiation growth is followed at three frequencies, 66 GHz, 75 GHz, and

85 GHz, as the interaction length is progressively increased. It can be

seen that for each frequency there is an interval of approximately

exponential growth, followed by a roll-off in the growth rate. The roll-

off occurs earliest and is largest at 85 GHz. For the first 18 cm of

additional interaction length beyond that for L=54 cm, the growth is

roughly comparable at 66 GHz and 75 GHz. The large peak at 75 GHz for

L=90 cm appears to be more the result of the growth persisting longer at

75 GHz, while it rolls off prematurely at 66 GHz, than of an intrinsically

higher growth rate at 75 GHz.

In Fig. 6, the cumulative radiation growth, relative to L=54 cm, is

plotted for the six measured frequencies. At L=60 cm, the growth of the

radiation has been fairly uniform over all of these frequencies. As the

system is further lengthened the radiation growth develops less

10
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uniformly. For instance, a dip in the growtn develops at Q0 JHz, so tnat

there is slightly more cumulative radiation growth between L=54 cm and

L=90 cm at 85 GHz, even through both the initial and final spectra snow

roughly an order oC magnitude more radiation at 0 GHz than at 85 GHz.

Until L=72 cm, the cumulative radiation growth has been comparable at

, 80 GHz, 85 GHz, and 90 GHz, but growth at 90 GHz begins to fall off as the

system is further lengthened. In the lower frequency portion of the

measured spectrum, growth is rapid at 66 GHz, but after L=72 cm, no

further growth occurs. At 70 GHz, growth lags 66 GHz, but persists

longer, so that the cumulative measured growth by L=90 cm is comparable.

The growth at 75 GHz is comparable to that at 66 GHz until L=72 cm, but

persists as the interaction region is further lengthened, resulting in the

large peak seen at this frequency at L=90 cm. Thus, the experimentally

observed radiation growth in the frequency range from 65 GHz to 90 GHz is

significantly more complicated than might be expected if one assumed

- simply that a broadband instability with a well-defined frequency-

dependent growth rate had progressively amplified spontaneous emission to

produce the final highly peaked spectrum.

Figure 7 treats each additional 6 cm length of the interaction region

as a section of an FEL amplifier, and presents the growth rate (gain), in

dB/cm, attributed to that increment in length. The linear growth rate is

one of the quantities that FEL theory can directly calculate in order to

compare with the experimental measurements. Theory would suggest that the

growth rate should remain high and be relatively constant until nonlinear

effects become important and cause the gain to roll off. The highest

experimentally measured growth rates are observed when the interaczioi

length is at its shortest. Between L=54 cm and L=60 cm, the growth rate

"S'. I
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at all six measured frequencies is in the range of 1.4 to 1.8 dS/cm. The

linear theory using the mode! discusseo previously in Sec. III predicts

[Eq. (1)] that the maximum of te frequency-dependent growth rate is

im(k)/k w = 0.128, or 2.3 SB/cm. The agreement between this calculation

and the experiment is remarkably good, considering the incomplete nature

of the one-dimensional theoretical model, which uses an ideal wiggler, and

a zero-temperature beam, and which does not include waveguide effects.

The omission of waveguide effects causes the model to predict this peak

growth rate to occur at 95 GHz, a higher frequency than that at which it

is experimentally observed. The expected FEL coupling frequency is

approximately

for a one-dimensional free-space model. When waveguide effects are

included, this frequency is reduced, and we find that resonance is shifted

to

.=y2k v ,±[ 2_W2 /(y(kZC2)]i/2) (8)c'°zW

where wco is the cutoff frequency of the particular waveguide mode of

interest.1 The broad bandwidth of the growth rate observed here is also

consistent with theoretical predictions for an FEL operating above

gyroresonance on Group II trajectories, where a very broadband instability

is predicted. 5  In fact, numerical solution of Eq. ,1) suggests that the

linear growth rate predicted by one-dimensional theory should dip by less

than 10% over more than a full octave of instantaneous bandwidth, from

12
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52.5 GHz to 112.5 GHz. This suggests that the predicted voltage

gain-bandwidth product of a 30 dB linear amplifier would be approximately

3.axIO 12 Hz.

The second growth rate measurement is shown for the interval L=66 cm

to L=72 cm. At this point in the interaction, the growth rate has become

strongly peaked near 75 GHz at a value of about 1.6 dB/cm, with a

secondary maximum near 66 GHz. The growth rates at the higher

frequencies, in particular, have fallen off dramatically. The last

measured interval, from L=78 cm to L=90 cm, shows uniformly low growth

rates at all frequencies, suggesting that the interaction is near

saturation.

One usual measure of the width of the emission peaks of Fig. 4 is the
half-power spectral bandwidth., However, tnis quantity is not easily

determined for the curves at L=54 cm, 60 cm, and 66 cm, since they are

very broad and flat. The next three curves, at L=72 cm, 78 cm, and 90 cm,

would each produce an estimate of -3 GHz for the half-power spectral

bandwidth, but it is difficult to determine the value more precisely,

since the data points are at approximately 5 GHz intervals. For that

reason, we have chosen to demonstrate the progressive narrowing of the

emission spectrum in Fig. 3 by the ratio of the emission at 75 GHz to the

average of the emission at the two adjacent measured frequencies, which

presents one measure of the sharpness of the spectral peak at 75 GHz.

This ratio is near unity until L=66 cm. The ratio rises rapidly

thereafter, reaching a value of about 14 by L=78 cm. This may be

interpreted as "growth narrowing" of the emission spectrum. By L=90 cm,

the emission has become slightly less peaked at 75 GHz, perhaps oue to

saturation effects flattening the emission spectrum. As discussed above,

13
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the information in Figs. 5 to 7 suggests that nonlinear effects, rather

than progressive narrowing due simply to a finite linear growth bandwidtn,

* are responsible for the measured emission bardwidtris for the longer
-2 -,c, a d 9 m

interaction length cases, i.e. L=72 cm, 73 cm, and 20 cm.

V. EFFECTS OF AN AXIAL FIELD END TAPER

The introduction of an axial field end taper is a side effect of the

-means used experimentally to vary the effective length of the FEL

interaction region, as is discussed in the preceding sections of this

paper. We reiterate that each measured interaction length ends with suc.

an axial field end taper, whose macroscopic characteristics, namely a

particular rate of fall of 3 at constant Br, leading to loss of the

electrons to the drift tube wall, are identical. :Ae therefore have. .

interpreted the progressive growth of the emission spectrum as the axial

magnet is lengthened as due to the progressive lengthening of the uniform

interaction region that precedes the axial field end taper. In this

section, we consider more closely the effects of this axial field end

taper. We point out that it is a complex region, whose effects are not

fully understood, and that it can have important experimental 4."1"

consequences. In particular, for the parameters being discussed in this

paper, the introduction of an axial field taper at the end of the uniform

interaction region (that is, the L=90 cm case discussed in the previous

section of this paper) results In a large increase in the measured

millimeter-wave radiation produced by the FEL interaction, and therefore

in the experimental efficiency of the interaction, compared to the case in

which the axial field is held constant throughout the interaction
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region. This effect had been reported previously, 1 but in tnis section i-

is studied in greater detail.

Figure 9 snows a comparison of the emission spectrum produced by the

FEL with an axial field end taper (due to ending the axial field magnet at
L=90 cm) with the emission spectrum for the case of uniform 3z %which is

produced by extending the axial field magnet well beyond the end of the

wiggler magnet). It is clear that the line labeled "tapered 3z" shows

substantially larger emission, particularly near 75 GHz, than the line of

"uniform Bz". These spectra are similar to those published previously,'

but are results from a new set of data that was taken in conjunction with

the data presented in the previous section of this paper. In addition to

the increase in emission, there is some evidence of a shift to lower

frequencies compared to the uniform Bz spectrum, as was also reported

previously. The pyroelectric detector data also suggest an approximate

doubling in power and efficiency between these two cases.

Additional evidence of the large increase in power that is due to the

axial field end taper is shown in Fig. I0, which shows the results of open

shutter photography of full atmospheric pressure microwave-produced air

"p breakdown plasmas. 12 These plasmas are produced by focusing the FEL

emission into ambient laboratory air using a 11.5 cm focal length, f/0.25

parabolic mirror. (The mirror is positioned to the right, in each half of

the figure.) Air breakdown will occur in the vicinity of the mirror

focus, wherever the microwave electric field exceeds the threshold for air

breakdown. This threshold is estimated to lie in the range 3.3 MW/cm 2

[-3] to 4.5 MW/cm2 1.43 for a 15 nsec radiation pulse. It is clear that

the front cross section of the breakdown has increased by more tnan a

"actor of two for the breakdown plasma resulting from the system with a

-K. 15

v..U



taoered Bz, comrpared to the uniform 3. case, suggesting a comparabie

increase in tie emission.

Finally, direct calorimetric measurement of the energy in the 15 nsec

microwave Pulse demonstrates peak powers exceeding 75 VAW wiqt the axial

field end taper. The best comparable shot with no end taper corresponded

to 35 MW.

Figures 11 through 14 describe some of the parametric variation, as a

function of axial position in the interaction region, that is predicted to

result when the end of the axial field magnet occurs before the end of the

wiggler magnet. Figure 11 shows the normalized axial and wiggler fields

used for the chosen example, in which L=80 cm. The curve labeled Br shows

the entry taper into the wiggler, the uniform wiggler region, and the exit

taper that is used to bring the electrons out of the interaction region

adiabatically, provided Bz remains uniform. The curve labeled 3z shows

the axial magnetic field for the case of L=80 cm. (For other positions of

the end of the axial field magnet, the entire curve labeled B would be

translated left or right, with the value of Bz held constant at z=O cm.)

In the absence of a wiggler magnetic field, the gradual decrease of

the axial magnetic field would slowly send the magnetized electron oeam

(initial radius, r=3 mm) into the drift tube wall at r=5.4 mm. However,

in the presence of a helical wiggler, and for an axial magnetic field

value above gyroresonance, as is the case here, the decreasing value of Bz

is predicted to have a more drastic effect, as shown in Fig. 12. (See

Fig. 2 and observe that the transverse electron energy and, hence, the

radius of the electron orbits, increases with decreasing 3z for Group II

orbits.) Figure 12 is a plot of results from a single-particle trajectory

code that injects an electron along Bz at a particular initial radius, and
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follows its orbit in the combination of iz and the full three-dimensional

fields due to the wiggler magnet. The code has been used to follow

electrons launched at r=O and at r=2.8 mm through the wiggler entrance

taper at uniform axial field, the regior of both uniform wiggler and

uniform axial magnetic fields, and then through the axial field end taper

at constant wiggler magnetic field which is produced by ending the axial

field magnet at L=80 cm. Note that the axial field eid taper is modeled

in the code simply as a falling value of axial Bz rather than by the

divergence of magnetic field lines that actually occurs near the end of

the solenoidal magnet; this is a reasonable approximation in this case,

since the electrons are sent to the wall by the approach to gyroresonance

caused by the decreasing axial field much more rapidly than by the

divergence of field lines. Note also that the code does not include

space-charge effects. In fact, as the electrons gain kinetic energy by

approaching the walls, this drives them towards gyroresonance even more

rapidly. It is clear from Fig. 12 that the effects of the end of the

axial field magnet are felt several tens of centimeters upstream from the

physical end of the magnet. In addition, in this simulation, all the

electrons are driven to the drift tube wall before reaching the half-field

point at L=80 cm.

Figure 13 follows an electron launched at an initial radius of zero,

and plots the calculated axial velocity (5 ) and transverse velocity

(,3) as a function of axial position. The transverse velccity begins to

increase perceptibly several tens of centimeters from the magnet end, and

increases rapidly beginning about 20 cm from the magnet end. This

increase in transverse velocity should increase the strength of the FEL

interaction. (However, it also results in an increased axial velocity
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. spread which may have deleterious effects.) At the same time, the axial

velocity fals off, resulting in a shift of the gain to lower frequencies.

S,, The latter effect is shown in Fig. I1, which plots the calculated

frequencies v- a Eq. 3)2 of the FEL coupling to the TE, and TMOi modes jf

the drift tube for the axial electron velccities shown in Fi. 13. Note

that the linear gain is expected to be very broad band, and this figure

simply predicts the frequency of strongest growth for each of these,5 ...,:.

modes. As 3 drops due to the approach to the magnet end at L=80 cm, tie

frequency of tne TI0 mode drops rapidly, until the calculated couoiing

vanishes at about 55 GHz near z=55 cm. he TE1 l mode drops more gradually

* :... P
from an initial coupling frequency of about 95 GHz'. Tt passes through

75 GHz near z=55 cm, and calls rapidly thereafter.

It is evident from the foregoing analysis that the effects of tne

axial field end taper extend over several tens of centimeters. Given the

growth rates inferred in the previous section of this paper, a region of

this extent is clearly long enough to strongly affect the emission

spectrum, as is seen experimentally in Fig. 9.

It is clear that one general effect should be to shift the growth to

lower frecuencies, and this effect is in fact observed in Fig. 9.

However, it is not self-evident that the overall effect will be to

increase the power and efficiency of the interaction and to narrow the

emission linewidth, as is also observed in this case. In fact, the axial

field end taper has a kinematic effect that is opposite from that produced

in the usual tapered wiggler experiment, in wnich either the wiggler

amplitude or period is adjusted to compensate for the reduced axial

4 electron velocity caused by the extraction of kinetic energy from the

electron beam into the radiation field. The axial fielo end taper in fact
.. ,..I
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reduces the axial electron velocity, by converting axial kinetic energy to

transverse motion. However, as pointed out in Sec. I I, this is in fact

the correct sense of axial field taper to compensate for the anomalous

axial acceleration that electrons experience in this parameter range as

kinetic energy is extracted from te beam. Thus, the increase in power

and efficiency that is measured in this case may in fact be due to

tapering th e .EL interaction parameters in such a way as to compensate for

energy extraction from the electron beam. Successful tapered wiggler

experiments have previously been reported at much shorter wavelengths for

Compton FEL's operating in the trapped particle regime.15 ,1 6

As stated in the previous section, the narrowing of the emission

spectrum observed as the interaction length is increased beyond the

L=66 cm case appears to be due primarily to nonlinear effects in a system

approaching saturation, rather than linear growth narrowing. The narrower

emission spectrum seen in Fig. 9 for the system with "tapered 3z" compared

to "uniform B z appears due mostly to the loss of higher frequency gain

shown by the shift to lower frequencies evident in Fig. 14 as the axial

field taper reduces axial velocity. As seen in Fig. 5, some high 'requency

gain appears to take place even at long interaction lengths, so thiat the

loss of some uniform interaction region due to the axial field end taper

may cause the reduction in higher frequency emission, and thus the

spectral narrowing, while simultaneously enhancing the lcwer frequencies.

It should be emphasized that the case labeled "uniform 3z,

corresponding to Bz:16 kG and Brl.4 kG, was experimentally determined to

be the optimum experimental wiggler field at this value of axial magnetic

field. In other words, varying the gain by changing the wiggler field at

this value of Bz is found experimentally to reduce tne final emission

19
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A amplitude. Thus, it does not appear likely that the increased emission

that results fromn ending the axial field magnet at L=90 cm is due to te

interaction region for the uniform field case having initially been too

long at these parameters, and radiation reabsorption having taken place.

If that were the case, varying the gain instead of the interaction length

should have a similar favorable effect on the emission amplitude.

Experimentally, it does not. Furthermore, the experimental trend at lower

values of uniform 3z) with Br separately optimized in each case, is to

lower measured output pcwers.

VI. CONCLUSONS

In summary, a set of measurements have been performed to determine

the radiation growth rate in a high power superradiant FEL amplifier

operating in the collective regime. This study was carried out by varying

the effective length of the interaction region by changing the length of

the magnet producing the axial magnetic field. The change in emission

spectrum as a function of interaction length permits the experinental

determination of frequency-resolved growtn rates, as well as the

ooservation of sucn effects as spectral narrowing and saturation. Using

this procedure, large radiation growth rates have been observed, in t+e

range of 1.4 to 1.3 dB/cm, over the range from 65 GHz to 90 GHz. These

growth rates are in good agreement with predictions of theory.

A side effect of the method used to vary the effective interaction

length is the introductior into the experiment cf a region of uniform

wiggler magnetic field and downward tapering axial magnetic field. While

tnis effect complicates the interpretation of the radiation growth rate

data, it is separate~y interesting. it is experimentally observed that

20
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the presence of this axial field end taper can strongly enhanceth

overall power and efficiency of the interaction, increasing thea

experimental power to ?. 75 %1W at 6w, efficiency. Since the ax4A-l Field

taper is of the correct sense to compensate for axial electro eL

changes due to e/traction of kinetic energy from the electron beam -1t

the radiation field, a possible interpretation of this effect Is as a

"tapered interaction" PEEL, similar to the tapered wiggler FEIL's tlat are

being investigated to improve the efficiency at shorter wavelengtns.
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Fig. 1. Diagram of t16he free-electron ]a-er experimental configuration,

showing the setup used to perform frequency-resolved

measurements.
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Fig. 2. Plots of 'a) a" and (5) . versus axial gulde lfield for

Br=6 10 G, y='.a. The axial velocity is shown for both ideal

a'S-and realizable wigglers. The dashed lines describe unstable

orbits. Here D is calculated for an ideal wiggler.
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Fig. 3. Typical diode voltage Pulse and microwave radiation pulse versus

4 time.
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Fig. 4. Growth of the FEL emission spectrum at Bz=16 kG, B =1.Id kG for

six frequencies between 66 GHz and 90 GHz as a function of the

position (L) of the end of the axial field magnet w4tn respect

to the start of the wiggle- magnet.
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Fig. 5. FEL radiation growth at 66.1 GHz, 75.2 GHz, and 34.6 GHz

relative to L=54 cm.
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Fig. 6. FEL radiation growth between 66 GHz and 90 GHz relative to
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Fig. 7. Growth rate of the FEL emission spectrum over three intervals,
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AXIAL FIELD SHORTENING/TAPERING
EXPERIMENT (L=80 cm)
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Fig. 11. Axial and wiggler magnetic field profiles for L=80 cm.
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ELETRO TRAJECTORIES-IN-TAPERE
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Fig. 1?. Electron trajectories in lthe combined axia" and wiggler mnagnetic -

fields for L=80 cm. Trajectories originating on axis and near

the beam edge are shown.
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ELECTRON VELOCITIES IN TAPERED
AXIAL FIELD EXPERIMENT (L=80 cm)
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Fig. 13. Electron velocities in the combined axial and -w-iggler agnetic
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PREDICTED FREQUENCIES IN TAPERED
AXIAL FIELD EXPERIMENT (L=80 cm)
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Fig. ia. Pr-edicted FEL coupling f requencie-s as a function of ax-:al
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